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The large scale of nonferrous metal smelting has created a chronic public health issue in La Oroya, Perú. In this reconnaissance
study, the distributions of lead, arsenic, and cadmium in drinking water, indoor dust, and soil were measured at five sites to
estimate their impact on children’s health. As expected, median soil metal levels dropped exponentially with distance from the
smelting complex (3,177 ppm Pb, 1,658 ppm As, and 127 ppm Cd at La Oroya Antigua). Indoor dust metal concentrations were
also elevated at La Oroya Antigua (2,574 ppm Pb, 1,071 ppm As, 28 ppm Cd), and drinking water As values were elevated relative
to Pb and Cd (8.5 ppb As, 0.28 ppb Pb, and 0.05 ppb Cd), suggesting selective loss of Pb and Cd relative to As. Exposure and dose-
response modeling (IEUBK) indicate soil Pb and As are serious health problems in need of remediation.

1. Introduction

Reduced anthropogenic emissions of lead (Pb), arsenic (As),
cadmium (Cd), mercury (Hg), and other heavy metals have
been well documented in terrestrial ecosystems, atmospheric
emissions, and marine ecosystems [1–4]. However, some
of this environmental burden has been shifted to nations
where equivalent regulations or enforcement are limited
[5, 6]. Deleterious environmental and public health issues
are frequently associated with nonferrous metal smelting,
including emissions in North America [7–9], China [10],
Australia [11, 12], Latin America [13, 14], and Africa [15].
The city of La Oroya, Peru, has been similarly affected by
heavy metal mining and smelting since 1922, although lim-
ited environmental observations have been made despite a
clear public health concern [16]. This reconnaissance survey
examines the lead, arsenic, and cadmium content of drinking
water, indoor dust, and soil to quantify the environmental
impact and associated health risk to the children of La Oroya.

Operation of a metallurgical complex less than a kilo-
meter from La Oroya Antigua has created a human health
issue for its 33,000 residents [17], notably children, due
to the neurological and cognitive impairments associated
with metal poisoning (e.g., [18, 19]). In La Oroya Antigua,
the pediatric blood Pb levels were approximately three
times the accepted level of concern in 1999 (34 µg dL−1

compared to the 10 µg dL−1 World Health Organization
critical level [16]). For excellent reviews of the La Oroya
environmental, socioeconomic, and public health issue, see
Fraser [20] and Cederstav and Barandiarán [16]. Despite
continuous operation from 1922, the smelter complex ceased
operation due to debt financing issues in 2009. Recent
political discussions have focused on the soil remediation
costs despite no available soil data in the public domain.
This study examines how past and recent smelter emissions
have impacted local soils, indoor dust, and drinking water
in five locations near the metallurgical complex, focusing on
three metals with known health risks (Pb, As, and Cd) to
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determine the relative importance of these different vectors
to children’s health.

The environmental impacts of smelter emissions have
been well established by observations in North America,
emphasizing the importance of point source stack and fugi-
tive emissions and their exponential reduction with distance
(see Figure 1 of Roberts et al. [8]). Approximately half of the
total aerosol Pb content is found in the submicron particulate
fraction, suggesting it could be readily transported several
kilometers from the point source [7]. The Landrigan et al. [7]
study of the El Paso, Texas ASARCO smelter is particularly
relevant given its limited emission control technology and
close proximity to a population center. The measured air-
borne Pb emission was from 8 to 10 µg m−3, although the
annual mean Pb aerosol concentration immediately down-
wind of the smelter was 92 µg m−3. For comparison, the
World Health Organization (WHO) air quality guideline
for aerosol Pb is 0.5 µg m−3 [21]. Within 200 meters of
the smelter, El Paso geometric mean soil Pb was 3,457 ppm
(ranging from 560 to 11,450 ppm, n = 54), significantly
above the USEPA hazard standard of 1,200 ppm for bare
soil (Toxic Substances Control Act, Section 403, USEPA,
2001 [22]). Household dust samples were similarly elevated
adjacent to the smelter (the Smeltertown geometric mean Pb
content was 22,191 ppm, n = 51).

The potential environmental impacts of the La Oroya
metallurgical complex are clear. First, the smelter facility was
in continuous operation from 1922 to 2009, suggesting the
accumulation of heavy metals in regional soils, biota, and
other environmental media. Second, the nearest permanent
residence of La Oroya Antigua is located approximately 320
meters from the stack point source (compared to the town
center at approximately 700 meters and the most distant
residence at 1.4 km; distances are straight line to the point
source). However, nonpoint source, fugitive emissions must
also be considered, including a Pb concentrator in Nueva
La Oroya. Third, atmospheric temperature inversions during
the winter months can trap emissions close to the town
center, concentrating atmospheric Pb aerosols along the
Rio Mantaro Valley. Finally, nearby carbonaceous slag piles
located 1.3 to 2.1 km southeast of the complex also contain
elevated concentrations of these same metals. (Preliminary
data from March 2010 showed percent level Pb, As, and Cd
in two slag samples, unpublished observation.)

Two mitigating factors are advective transport of aerosols
away from La Oroya Antigua and increased use of emission
control technologies by the facility operator since 1997 [23].
Although no meteorological data are publically available for
La Oroya Antigua, a nearby station in Santa Rosa de Sacco
provides daily wind speed and direction data from 2006 to
2011 (available from SEMNAHI, Servicio Nacional de Mete-
orologia e Hidrologia del Peru, http://www.senamhi.gob.pe/,
accessed June 2011). Wind rose analysis of these data
indicates a dominant northeasterly wind direction. (The re-
sultant flow vector was 218 degrees at 82% probability, not
shown.) In the absence of topographic steering, this would
transport smelter emissions away from La Oroya Antigua and
towards Santa Rosa de Sacco and Yauli (Figure 1). Second,
addition of emission control technology would improve

environmental quality. According to the current facility
operator (Doe Run Peru), aerosol Pb, As, and Cd concentra-
tions in La Oroya Antigua dropped 62%, 85%, and 67%,
respectively, between 1995 and 2000.

The best available environmental data from the La Oroya
district comes from quarterly air quality reports from the
facility operator (Doe Run Peru) to the Ministry of Energy
and Mines (MEM), as summarized by Cederstav and Baran-
diarán [16]. The quality control procedures for these results
are unknown. However, these direct observations from 1995
to 2000 demonstrate that significant metal aerosol deposition
has occurred in the past. Five air quality monitoring stations
were reported, ranging from 0.8 to 3.0 km from the point
source (see Figure 1 for their locations). For the heavy
metals, aerosol Pb, As, and Cd values were consistently
elevated at the Huanchán monitoring station, located 2 km
downwind of the facility in the Rio Mantaro Valley. Mean
annual atmospheric Cd concentrations ranged from 0.2 to
1.0 µg m−3 at Huanchán, whereas the upwind stations such
as Casaracra reported concentrations less than 0.1 µg m−3

[16]. Arsenic and lead concentrations were similarly elevated
and variable at Huanchán, ranging from 2 to 8 µg m−3

(As) and from 3 to 21 µg m−3 (Pb). As the atmospheric
values are significantly above WHO air quality guidelines
for contaminated aerosols (0.5 µg m−3 Pb; 5 ng m−3 Cd),
contamination of regional soils, dust, and drinking water
would be expected due to historical and recent operation of
the metallurgical complex.

Elevated pediatric blood Pb levels and the associated
neurological impairment can result from smelter emissions:
Landrigan et al. [7] measured blood Pb levels > 40 µg dL−1 in
53 percent of children 1–9 years of age living within 1.6 km
of the El Paso, Texas ASARCO smelter, whereas 18 percent
of children had comparable blood Pb levels within 1.6 to
6.6 km. As La Oroya Antigua is located a comparable distance
to the smelter facility, one might expect similar elevated
blood Pb levels: Ramı́rez et al. [17] measured mean blood
Pb concentrations of 34.8 ± 4.0µg dL−1 between 1994-1995
in 80 La Oroya residents, compared to 14.0 ± 2.7µg dL−1 in
a control group from Yaupi and 22.4 ± 4.7µg dL−1 from an
additional Huancayo control group. Subsequent studies have
confirmed elevated blood Pb concentrations in La Oroya res-
idents, notably measurements by the environmental health
ministry (Dirección General de Salud Ambiental, DIGESA)
and the facility operator Doe Run Peru. As summarized by
Cederstav and Barandiarán [16], the DIGESA results from
1999 indicated blood Pb levels from 6.9 to 79.9 µg dL−1 with
a mean of 33.6 µg dL−1 (n = 346, 2- to 10-year-old children).
Recent measurements have shown a decline to 23.4 µg dL−1

in November 2007, but still approximately twice the
10 µg dL−1 level of concern [21]. Significant cognitive impair-
ments have also been reported for pediatric blood Pb levels
below 10 µg dL−1, suggesting that any pediatric exposure to
environmental Pb poses some health risks [24, 25]. In this
study, we adopt the 10 µg dL−1 threshold as a comparative
value while acknowledging the risk below this concentration.

Despite the public health risks to the La Oroya region,
we know of no published studies that have measured metal
concentrations in local soils, dust, drinking water, or other
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Figure 1: Site location map for the La Oroya study area. The five study locations are shown as red circles, scaling the diameter to the median
soil Pb concentration (186 ppm for Huayhuay to 3,177 ppm for La Oroya Antigua). Note the site distribution and the difference in soil
Pb between the two distant sites Yauli and Huayhuay. The five Doe Run Peru air monitoring stations are shown as black squares, and the
monitoring locations are adopted from Cederstav and Barandiarán [16].

environmental media. Thus the current relationship between
the environmental contamination and human health is
unclear. We did not measure dietary levels. (This remaining
vector could also be significant if food is grown locally
on soils with comparable levels to those measured here.)
Although a variety of exposure pathways have been discussed
for the La Oroya population, establishing the principal
vectors is critical given the severity of the problem and
limited resources to address the issue.

2. Methods

This study examines five sites located 1 to 26 km from
the smelting complex, including one site (Yauli) with a
secondary source of heavy metals. Our observations include
three key environmental media: surface soil, drinking water,
and indoor dust concentrations. In this study, we also adopt
simple exposure calculations and the Integrated Exposure
Uptake Biokinetic (IEUBK) Model for Lead in Children [26].
This comparison will better optimize the scale and nature of
remediation efforts in this region.

2.1. Site Description. As shown in Figure 1, the city of La
Oroya Antigua is located in the central Peruvian Altiplano

at 3,745 meters elevation, approximately 180 km east of
the capital Lima (Junı́n region, Yauli province, La Oroya
district). The regional physiography is dominated by steep
valleys of the Rio Mantaro and Rio Yauli, located within the
central Andean puna and tundra ecoregions (see Figure 2 of
[27]). The predominant vegetation is native bunch grasses
(genera Festuca, Calamagrostis, and Agrostis, [28]), although
in many contaminated areas surrounding La Oroya Antigua
sparse above-ground biomass exists.

The Yauli-La Oroya Province has a population of 67,724
residents, with approximately 33,000 residents in the La
Oroya district [29]. Depopulation of workers has occurred
following the closure of the metallurgical complex. The
majority of residents in the province (92%) reside in urban
areas, and most households (62%) cannot meet basic needs
(ibid.). Mining and metallurgy represents the largest provin-
cial industry, employing 6,239 full-time and 3,277 part-time
workers in 1993 (ibid.). In 2005, Doe Run Peru employed
2,898 full-time employees and 1,185 contractors, both in the
La Oroya district and the Cobriza Mine, representing the
largest employer in La Oroya [23].

Small-scale mining of precious metals first started in
1533 during the Spanish colonial period, but railroad
development in 1893 catalyzed greater regional mining
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activity (e.g., the Cerro de Pasco and Morococha districts),
transporting mining products from La Oroya to the Port of
Callao [30]. Copper smelting began in 1922 with the Cerro
de Pasco Copper Corporation, followed by lead (1928) and
zinc (1952) smelting [23]. Because of the mixed composition
of regional ores, the facility recovers a wide variety of
metal byproducts, including gold, silver, arsenic, antimony,
cadmium, and bismuth. Only five other smelting facilities
in the western hemisphere can process lead and copper con-
centrates with these complex mixtures. The La Oroya facility
competes with several Chinese facilities for these mixed raw
materials from South American mining districts [23].

In 1974 the metallurgical complex was nationalized by
the state-owned Empresa Minera del Centro del Peru S.
A. (CENTROMIN) and its subsidiary, Metaloroya S. A. In
1997 the facility was privatized and purchased by Doe Run
Peru. Upon privatization, Doe Run Peru was required to
follow a series of environmental remediation steps known as
PAMA (Programa de Adecuación y Manejo Ambiental), an
environmental contract requiring nine specific remediation
measures. Doe Run Peru did not meet the PAMA agreement
by the initial deadline, resulting in an extension allowed
by the Peruvian government until 2009 (Supreme Decree
no. 046-2004-EM, [23]). Although significant improvements
were made to the facility under the PAMA agreement,
several modifications were not completed, notably the
completion of the sulfuric acid processing plant. However,
the metallurgical complex was shut down in 2009 due to
inadequate debt financing and operational costs. Because
Doe Run Peru was indemnified against any environmental
liability in the 1997 PAMA agreement, remediation of the
regional environment is currently debated both in Peru and
the United States (Renco Group, the holding company for
Doe Run Peru, is based in the USA). Doe Run Peru states
facility investments of $315 million were completed, with no
comparable environmental remediation investments by the
Peruvian government [31].

2.2. Site Selection. Surface soil, drinking water, and indoor
dust samples were collected in August 2010 to test for Pb,
As, and Cd concentrations. Five population centers, shown in
Figure 1, were chosen to evaluate how environmental media
could affect a specific population, rather than using dispersed
regional sampling. The five sites were chosen based on the
following criteria: (1) variable distance and direction from
the metallurgical complex; (2) available participants in the
study; and (3) suspected contamination based on available
health histories. Note that selecting a “control” site devoid
of contamination is difficult as nonferrous metal aerosols
travel global distances from their source as high temperature
condensates and vapors (e.g., [32]). Other anthropogenic
contributions from mining activities (ore concentration
and transport), lead solder, tailings-derived aerosols, leaded
gasoline, and leaded paints could also be significant factors
at these sites and should not be discounted.

2.3. Sample Analysis

2.3.1. Soil Collection and Analysis. At each site, seven to thir-
teen outdoor soil samples were randomly selected based

on the following criteria: (1) representative of the site (not
imported soil), (2) common play areas for children (soccer
fields, playgrounds, school yards, and open areas), and (3)
adequate sample distribution. Any above-ground biomass
was removed prior to soil sampling, and the top 1 cm of
soil was removed with a clean plastic scraper over 100 cm2.
Soil samples were placed into plastic bags, dried at room
temperature, sieved with a 0.1 mm nylon/PVC sieve, and
placed into 20 mL acid-leached HDPE sample vials. All
plasticware used in this study was leached with reagent
grade 1 N HCl (Fisher Scientific, Pittsburgh, PA) for 48
hours at 55◦C then triple-rinsed in 18 MΩ Milli-Q water
(Milli-Q Gradient system, Billerica, MA). The smaller size
fraction was the focus of this study as it poses a greater
ingestion and inhalation health risk to children relative to
the larger mineral grains. The sieved soil was dried at 70◦C
for 24 hours to remove all soil moisture then stored in
a desiccator containing fresh Drierite (W. A. Hammond,
Xenia, OH) at room temperature. Prior to analysis, sam-
ples were homogenized in a Spex 8000 mixer (Metuchen,
NJ) for two minutes. Samples were analyzed in sample
cups through a 5 µm thick, 36 mm diameter polypropylene
window, (Spex, Metuchen, NJ) using energy dispersive X-
ray fluorescence (ED-XRF) with polarizing optics (Epsilon
5, PANalytical, Westborough, MA). Source scatter from
yttrium and tungsten were removed prior to normaliza-
tion. External calibration verification with matrix-matched
National Institute of Science and Technology standard ref-
erence materials (metal contaminated soil 2710, 2710a, and
2711, Gaithersburg, Maryland) was performed daily. Limits
of detection (LOD = 3 sigma) were calculated from the daily
SRM and blank measurements. The LODs were 340 ppm
for Pb, 66 ppm for As, and 5 ppm for Cd. The ED-XRF
detection limits and the calibration curves’ coefficients of
variation (<10%) were not a significant source of uncertainty
relative to intersample variability for Pb and As, though a
few individual Cd samples were at the detection limit for this
method.

2.3.2. Indoor Dust Collection and Analysis. Indoor dust
samples were collected at the same five sites as the outdoor
soil samples, including residential areas, schools, hospitals,
churches, and municipal offices. Prior to visiting the site,
occupants were contacted by a local NGO affiliate to gain
consent, and a second confirmation was made while on site
(rejections were common at the La Oroya Antigua site given
the sensitivity of environmental sampling). Residents were
asked not to clean any flooring surfaces prior to the sampling
visit. Samples were collected with a clean nylon brush over a
1 m2 area; dust loading estimates were impossible given the
prevalence of compacted clay floors or wooden slats above
a clay foundation (indoor dust was continuously generated
with sweeping). Inclusion of paint chips, food particles, and
other dust materials was allowed in the bulk sample given the
exposure of young children to these same particles. Leaded
paint particles may have contributed to dust chemistry given
its continued use in South America (see discussion below).
Following collection of indoor dust, samples were treated
identically to the soil samples as noted above.



ISRN Public Health 5

2.3.3. Drinking Water Sample Collection and Analysis. Drink-
ing water samples were collected at each indoor dust sample
location with permission. Occupants were asked to collect
the sample identical to how they obtain their drinking water
to mimic the appropriate flush conditions (as influenced by
lead-containing solder or other contaminants). Samples were
placed into acid-cleaned, 60 mL high density polyethylene
bottles (VWR, Radnor, PA) and filtered through 0.45 µm
PTFE syringe filters (22 mm diameter, Pall, Port Washington,
NY) to remove particulates. An acrylic syringe vise was
utilized to push the sample through the hydrophobic mem-
brane. Filtered samples were acidified to pH 2 (verified with
colorpHast pH strips, EM-Reagents, Darmstadt, Germany)
using 150 µL of trace metal grade 6 N HCl within 12 hours
of sample collection (Aristar Plus, BDH Chemicals, Radnor,
PA).

Elemental concentrations were determined by ICP-
MS (Agilent 7500ce) with gravimetrically prepared Spex
Certiprep ICP standards (1000 mg L−1 stock standards).
NIST SRMs 1573 and 1575 were utilized to verify cali-
brations. Measurements were conducted at the Colorado
State University-Pueblo EPA certified ICP-MS facility, using
Method 6020. The ICP-MS utilizes an Octopole Reaction
System (ORS) and an Integrated Sample Introduction Sys-
tem (ISIS). These remove potential interferences (e.g., ArCl
on As) and lower the detection limits. Helium was used in
the ORS for As, while Cd and Pb were conducted without the
ORS. Nine different element/isotopes were used for internal
standard corrections. Isotopes 75As, 111Cd, and 206Pb, 207Pb,
and 208Pb were measured in the water samples using a
torch depth of 8.0 mm, 1500 W RF Power, 0.80 L/min carrier
gas, and 0.20 L/min makeup gas with a glass concentric
nebulizer (MicroMist) and a Pt cone. Based on replicate SRM
measurements, the 3 sigma limits of detection for Pb, As, and
Cd were 0.05 ppb.

3. Results and Discussion

Summary statistics for Pb, As, and Cd are shown in
Table 1, including the soil, indoor dust, and drinking water
observations by site (each site includes the arithmetic
mean, geometric mean, median, range, and 95% confidence
interval). Because the impact of outliers on small data sets
is minimized, we used the median values for exposure
modeling and the discussion here rather than the higher
arithmetic mean. Changes to the median values could result
from dry versus wet season sampling; the dry season values
are reported in this study. Here the discussion focuses on the
metal concentrations for each sample type, followed by the
potential health impact.

3.1. Soil Concentrations. Box plots with medians and inner
quartile ranges for Pb, As, and Cd soil concentrations
are shown in Figure 2. Elevated metal concentrations are
consistently observed in La Oroya Antigua (3,177, 127, and
4,820 ppm for the Pb, As, and Cd median values, resp.).
These results demonstrate elevated metal concentrations and
the highest variance close to the La Oroya metallurgical
complex, with soil Pb concentrations ranging from 297 to

11,451 ppm in La Oroya Antigua. Variable metal concentra-
tions near the point source would be expected based on the
soil profile’s erosional history (a stable surface versus a soil
profile freshly eroded to depth), the cation exchange capacity
of the soil (clay and organic matter content), mineralogy, and
other factors. The depositional history of metal aerosols will
also vary, depending on the prevailing wind direction and the
aerosol size distribution.

For two of the five sites (La Oroya Antigua and Yauli),
median soil Pb was greater than or equal to the 1,200 ppm
USEPA regulatory limit for bare soil [22]. At Santa Rosa
de Sacco, the median soil Pb value (1,152 ppm) is within
error of the 1,200 ppm regulatory limit. Two sites, Paccha
and Huayhuay had concentrations below 1,200 ppm, as
expected for locations well upwind (Paccha) or a significant
distance (Huayhuay, 22 km) from the La Oroya smelter
facility. Elevated Pb concentrations at Yauli (median soil Pb
of 1,623 ppm), the most distant site from the metallurgical
complex (26 km), suggest that another metal source must
be considered. This is explained by (1) an active Pb
concentrator facility at the southern edge of the community,
where lump ore is processed into higher grade concentrates;
(2) advection of tailing particulates stored close to the
community in open piles; (3) dust from transport of ore in
trucks and railroad cars that pass through the community;
and/or (4) another unknown Pb source. Thus advection
of contaminated aerosols from the La Oroya point source
cannot explain all of the regional soil Pb observations.

To evaluate the point source impact on regional soil
concentrations, the natural logarithms of the soil metal levels
were calculated and then regressed versus distance from the
smelter facility, using individual samples from four sites.
The Yauli site was not included in the linear regression
model due to the additional expected anthropogenic sources
previously discussed. The linear regression fits are significant
at the 99+% confidence interval for all three metals (Pearson
regression, r = 0.653, P < 0.001 for Pb; r = 0.792, P < 0.001
for Cd; r = 0.546, P = 0.001 for As, df = 31). There
was no significant inhomogeneity of variance across the sites
(Levene’s test: P = 0.255 for Pb, P = 0.089 for Cd, P = 0.095
for As).

The mean atmospheric residence times for Pb, As, and
Cd are comparable (8 to 12 days), so the differences among
the three elements’ levels observed across the four sites might
reflect different chemistries in smelter stack emissions, or
they may result from differences in ore processing. The
oxides (As2O3, CdO, and PbO) are the predominant species
emitted in nonferrous smelter emissions [33], but As (V) is
usually the predominant species found downwind [34], in
keeping with predictions from redox potentials. These results
suggest that atmospheric emissions from the metallurgical
complex account for most of the regional variability in soil
metal concentrations.

One soil outlier from La Oroya Antigua warrants consid-
eration, as it greatly exceeded the 95% confidence interval of
the sample population. This sample was collected immedi-
ately downwind of the smelter complex and southeast of the
residential area. Highly elevated Pb (6.1%), As (2.4%), and
Cd (2,600 ppm) concentrations indicate this area has been
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Table 1: Summary statistics for Pb, As, and Cd by site. The La Oroya Antigua results exclude one soil outlier measured immediately
downwind from the metallurgical complex (see text for discussion). Confidence intervals are shown at the 95% level (95% C. I.).

Site Statistic
Soil Indoor dust Drinking water

Pb (ppm) Cd (ppm) As (ppm) Pb (ppm) Cd (ppm) As (ppm) Pb (ppb) Cd (ppb) As (ppb)

La Oroya
Antigua
n = 7, soil
n = 6, dust
n = 5, water

Arithmetic
Mean

5,070 257 2,600 4,621 94 1,405 0.42 0.06 8.98

Geometric
Mean

3,138 137 1,844 3,413 45 1,109 0.28 0.05 8.90

Median 3,177 127 1,658 2,574 28 1,071 0.31 0.06 8.49

Range 11,154 583 4,820 12,484 335 3,313 0.90 0.07 3.61

95% C. I. 8,518 466 3,906 9,771 262 2,330 0.76 0.05 2.83

Santa Rosa de
Sacco
n = 10, soil
n = 6, dust
n = 5, water

Arithmetic
Mean

1,432 29 534 985 20 402 0.40 0.04 1.26

Geometric
Mean

1,211 0 458 883 17 348 0.11 0.00 1.15

Median 1,152 23 442 813 18 317 0.09 0.00 1.16

Range 3,446 92 1,021 1,280 33 696 1.54 0.22 1.66

95% C. I. 1,998 54 640 1,010 24 514 1.31 0.20 1.21

Paccha
n = 7, soil
n = 6, dust
n = 5, water

Arithmetic
Mean

596 11 335 575 7 223 0.29 0.03 1.54

Geometric
Mean

356 0 269 512 0 219 0.00 0.00 1.51

Median 613 18 275 457 4 231 0.06 0.00 1.63

Range 1,538 21 564 975 24 109 1.22 0.13 0.76

95% C. I. 1,116 20 484 730 18 84 1.05 0.11 0.60

Huayhuay
n = 8, soil
n = 7, dust
n = 5, water

Arithmetic
Mean

452 4 287 1,026 14 371 0.41 0.01 0.73

Geometric
Mean

199 0 271 782 13 340 0.23 0.00 0.73

Median 186 4 269 587 15 324 0.20 0.00 0.72

Range 2,272 9 324 2,013 13 425 1.28 0.04 0.16

95% C. I. 1,524 6 220 1,534 10 314 1.07 0.03 0.12

Yauli
n = 13, soil
n = 7, dust
n = 5, water

Arithmetic
Mean

1,900 23 474 2,163 16 343 0.38 0.00 11.43

Geometric
Mean

1,111 13 352 1,811 14 334 0.34 0.00 11.43

Median 1,623 18 298 2,228 15 303 0.34 0.00 11.38

Range 7,980 98 1,799 3,635 28 239 0.57 0.00 0.46

95% C. I. 4,092 54 1,004 2,698 18 174 0.44 0.00 0.18

severely impacted by the smelter emissions. This sample was
excluded from the analysis as it does not directly impact the
community, but advection of mineral fines from this area
and the nearby slag heaps might contribute to heavy metal
contamination in La Oroya Antigua. Percent level metal
concentrations indicate a possible economic incentive for soil
remediation in the La Oroya district.

3.2. Indoor Dust Concentrations. As shown in Figure 3,
Cd and As concentrations follow the expected regional
trends, with elevated concentrations in La Oroya Antigua
(28 ppm for Cd, 1071 ppm for As) relative to the other sites.
Concentration variability is also greatest close to the point
source. Elevated and variable metal concentrations follow
the soil pattern, as most indoor mineral dust would be

derived from local soils. In many cases, this relationship
would be highly localized and not representative of the wider
community, as dust from fenced outdoor work areas or
courtyards would be transported through open doorways.
Indoor dust might also be generated from localized areas
in a community, such as a bare soccer field surrounded by
residences in the case of Paccha. Overall, indoor dust Cd
and As concentrations are elevated in La Oroya Antigua and
diminish with distance from the point source.

The pattern for indoor dust Pb shows greater variability,
as four of the five sites (La Oroya Antigua, Santa Rosa de
Sacco, Huayhuay, and Yauli) exhibit indoor dust concentra-
tions equal to or greater than the USEPA 1,200 ppm soil
limit at the 95% confidence interval. For the “control” site
of Huayhuay, the indoor dust value (587 ppm) is greater
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Figure 2: Box plots of soil Pb, As, and Cd. Results are shown for the five study sites in parts per million. Sites are ordered with increasing
distance from the point source. The upper panel includes the USEPA 1,200 ppm reference line for soil Pb (see text for discussion). Horizontal
lines denote the median value for each site; box heights indicate the quartile limits (25% to 75%), and error bars reflect the 95% confidence
intervals. Outliers are shown as open circles and asterisks.

than outdoor soil (186 ppm), indicating another potential
Pb source for indoor dust. The same pattern is observed
for the Yauli site (2,228 ppm for indoor dust, 1,623 ppm
for soil). This might be explained by leaded paint, which is
commonly used and sold in rural Peru (paint chips were also
a common component of the indoor dust samples). Elevated
soil concentrations might also explain this difference, as
small sample populations might not be representative of the
larger community.

Because most floor surfaces continuously generate
indoor dust in this region, a complementary sampling
technique would utilize open Petri dishes for several months
to determine deposition rates and metal levels, as discussed
by Hogervorst et al. [35] for cadmium and lead. This would
not strictly be the same material encountered by children on
flooring (some mineral component would also be present),

but such samples would better relate anthropogenic aerosols
to the indoor heavy metal burden. Isotopic measurements
would also help separate multiple indoor dust components.

3.3. Drinking Water Concentrations. Observations of drink-
ing water Cd and Pb concentrations follow the general
pattern of soil and indoor dust concentrations: elevated
values in La Oroya Antigua and lower concentrations in
the remaining four sites (see Figure 4). However, Pb and
Cd concentrations are significantly below 1 ppb, less than
the WHO drinking water guideline values for both metals
(10 ppb for Pb, 3 ppb for Cd, [36]). This suggests a minimal
public health risk (see Section 3.4) for these two metals in the
drinking water. Correlating drinking water concentrations
to a specific location is difficult, as municipal supplies
are sourced far from the communities, stored in protected
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Figure 3: Box plots of indoor dust Pb, As, and Cd. Results are shown for the five study sites in parts per million. The upper panel includes
the USEPA 1,200 ppm reference line (see text for discussion). Horizontal lines denote the median value for each site; box heights indicate the
quartile limits (25% to 75%); error bars reflect the 95% confidence intervals. Outliers are shown as open circles and asterisks.

reservoirs, transported tens of kilometers, and reside locally
only until utilized. Thus the local environment might not
affect drinking water concentrations for Pb and Cd.

However, drinking water As concentrations were signif-
icantly elevated for La Oroya Antigua (8.5 ppb) and Yauli
(11.4 ppb), and individual samples consistently exceeded the
10 ppb WHO drinking water guideline value in Yauli (ibid.).
The low variance for As indicates a common drinking water
source with high [As], whereas the variability for Cd and Pb
supports minor potential inputs from other metal sources,
such as lead-containing solder. Of the three elements studied
here, As presents the greatest public health concern for
drinking water relative to Pb and Cd. Part of this difference
might reflect differential flow through the soil column into
groundwater systems—the two divalent cations (Pb2+, Cd2+)
may be adsorbed onto clay surfaces or soil organic matter,

whereas the various arsenate and arsenite anions might
remain soluble through the soil column.

3.4. Risk Assessment. To evaluate the potential health risks
in the five communities, we first calculated the heavy metal
exposure to children for each metal, using the assumptions
given in the Integrated Exposure Uptake Biokinetic Model
for Lead in Children dose-response model (IEUBK, Version
1.1, Build 11, February 2010). We utilized the same age
cohorts (0.5 to 7 years), body weights (7.4 to 22.3 kg), dust
and soil ingestion rates (0.085 to 0.135 g day−1), and soil/dust
exposure partitioning (45% soil, 55% dust). Exposure for a
particular age cohort and metal is calculated simply as

E
(
age, metal

) = X × Ri × f

m
, (1)
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Figure 4: Box plots of drinking water Pb, As, and Cd. Results are shown for the five study sites in parts per billion. The middle panel
includes the 10 ppb WHO reference line (see text for discussion). Horizontal lines denote the median value for each site; box heights indicate
the quartile limits (25% to 75%); error bars reflect the 95% confidence intervals. Outliers are shown as open circles and asterisks.

Table 2: As, Cd, and Pb exposure calculations by site and sample media. The exposure sum for each site is given in the rightmost column,
calculated from the median values for each metal. Please see the text for assumptions and calculations.

Site
Pb exposure (µg kg−1 day−1) Cd exposure (µg kg−1 day−1) As exposure (µg kg−1 day−1)

Sum
Soil Indoor dust Drinking water Soil Indoor dust Drinking water Soil Indoor dust Drinking water

La Oroya Antigua 12.3 12.2 0.01 0.5 0.1 0.00 6.4 5.1 0.26 36.8

Santa Rosa de Sacco 4.5 3.8 0.00 0.1 0.1 0.00 1.7 1.5 0.04 11.7

Paccha 2.4 2.2 0.00 0.1 0.0 0.00 1.1 1.1 0.05 6.8

Huayhuay 0.7 2.8 0.01 0.0 0.1 0.00 1.0 1.5 0.02 6.2

Yauli 6.3 10.5 0.01 0.1 0.1 0.00 1.2 1.4 0.34 19.9

where X denotes the mass fraction of a particular metal in
an environmental medium (e.g., 3000 µg g−1 Pb in soil), Ri

is the daily ingestion rate of the medium (0.1 g day−1 of soil
and dust, age dependent), f reflects the mass fraction of soil
versus dust ingestion, and m denotes body mass (also age
dependent). For drinking water, f = 1. The median exposure

was calculated for each site, metal, and the seven age cohorts
(Table 2).

The IEUBK model has been successfully implemented in
regions impacted by smelter emissions to account for blood
Pb observations (see Table 5 of [37]). This model makes
several assumptions that are potentially inappropriate for
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Table 3: IEUBK model blood Pb estimates by site and age. For each site, the median Pb concentration for all three media was included in
a model run; all other media were set to zero to evaluate the impact of indoor dust, soil, and drinking water. Blood Pb results are given for
each age cohort, the mean, and the 95% confidence interval (in µg dL−1).

Age (years) La Oroya Antigua Santa Rosa de Sacco Paccha Huayhuay Yauli

0.5–1.0 21.8 10.3 6.3 5.0 17.1

1.0–2.0 25.2 12.0 7.4 5.9 19.9

2.0–3.0 24.0 11.3 6.9 5.5 18.8

3.0–4.0 23.6 10.9 6.6 5.2 18.4

4.0–5.0 20.4 9.0 5.3 4.2 15.7

5.0–6.0 17.7 7.4 4.3 3.4 13.3

6.0–7.0 15.8 6.5 3.7 2.9 11.8

Mean [Pb] 21.2 9.6 5.8 4.6 16.4

95% C. I. 6.9 4.1 2.8 2.2 6.0

remote Peruvian villages (e.g., soil ingestion rates). Exposure
estimates also do not account for metal uptake or biokinetics,
which are significant at high media concentrations given
saturation effects. However, this simple exposure calcula-
tion serves as a useful remediation guide given order-of-
magnitude differences among sites, media, and metals.

The exposure results suggest there are significant con-
tributions from soil and indoor dust for As and Pb,
with minimal contributions from drinking water. Because
much of the indoor dust metal burden derives from
outdoor soil [9], this indicates the soil reservoir should
be the primary focus of remediation efforts. Pb and As
exposure are significantly greater than Cd in this region,
suggesting that any remediation must address multiple
toxins (not Pb alone). Finally, three sites show elevated
heavy metal exposure relative to the upwind site (Pac-
cha, 6.8 µg kg−1 day−1) and our control site (Huayhuay,
6.2 µg kg−1 day−1). These exposure estimates may help estab-
lish regional priorities for remediation, focusing on La Oroya
Antigua (36.8 µg kg−1 day−1), Yauli (19.9 µg kg−1 day−1), and
Santa Rosa de Sacco (11.7 µg kg−1 day−1). However, we ac-
knowledge other exposure sources should also be measured
to better constrain these sites.

To account for metal uptake and biokinetics, we then
utilized the IEUBK model to calculate blood Pb levels for
the five sites and age cohorts [26]. These blood Pb estimates
are made using incomplete data (no estimates of dietary,
aerosol, maternal, or other Pb sources were available for this
2010 sampling period); they should be viewed as minimum
estimates. To evaluate the impact of soil, indoor dust, and
drinking water Pb on blood Pb levels at these five sites, the
other media values were set to zero in the model. Table 3
shows the IEUBK results.

In agreement with the exposure calculations, drinking
water Pb had negligible effect on blood Pb concentrations,
and indoor dust and soil had concentration-weighted,
nonadditive effects. For example, the estimated blood Pb
concentration for La Oroya Antigua was affected equally by
indoor dust (Pb = 2,574 ppm) and soil (Pb = 3,177 ppm).
Due to the indoor dust and soil Pb measured in this study,
blood Pb levels equal to or greater than the 10 µg dL−1 level
of concern were observed for three of the five sites, including

La Oroya Antigua (21 ± 7 µg dL−1), Santa Rosa de Sacco
(10 ± 4 µg dL−1), and Yauli (16 ± 6 µg dL−1). Although these
estimates contain significant uncertainty, the soil and dust
Pb concentrations likely pose a significant pediatric health
issue in the absence of point source emissions. Blood Pb
levels will likely not fall below the WHO 10 µg dL−1 level of
concern until soil remediation has occurred, notably in La
Oroya Antigua. The observations and calculations presented
here underscore the importance of appropriate soil remedi-
ation in areas impacted by smelter emissions. Alternatively,
moving residents from the point source may ultimately limit
its health impacts (children requiring chelation therapy are
currently housed at the Casaracra site west of La Oroya
Antigua). Cessation of the metallurgical complex and soil
remediation will result in significantly reduced toxic metal
exposures for the children of La Oroya, Peru.

3.5. Further Research. This reconnaissance survey raises sev-
eral questions regarding the scale of environmental contami-
nation and its associated pediatric health risk. First, to better
constrain the contaminated area surrounding the La Oroya
smelter complex, additional sites in different directions and
larger numbers of samples would supplement the values
reported here (often limited due to opportunity sampling);
complementary lead isotope measurements would be use-
ful to separate multiple anthropogenic sources such as
paint, solder, and aerosols. Depth profiles from known
contaminated areas would better elucidate the volume of
contaminated soil due to the accumulation and migration of
anthropogenic aerosols. Since this study relies on the IEUBK
blood lead model to assess pediatric blood lead levels, a direct
comparison between blood lead and environmental metal
concentrations in La Oroya Antigua would test the model’s
assumptions for this population. Finally, soil remediation
experiments would elucidate the most efficient method for
reducing soil Pb, As, and Cd toxicity.

4. Conclusions

This study of the La Oroya district has established several key
patterns of Pb, As, and Cd contamination associated with the
metallurgical complex; these patterns are more complicated
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than anticipated from an individual point source. Several key
observations from this study include the following.

(i) Elevated heavy metal soil and indoor dust concentra-
tions were observed close to the La Oroya complex
with an exponential reduction with distance, follow-
ing previous studies on smelter emissions. Greatest
soil and indoor dust contamination was observed at
the La Oroya Antigua site.

(ii) Soils and indoor dust Pb exceeded the 1,200 ppm
USEPA regulatory threshold in three of the five sites.
Excluding the Yauli site, the La Oroya point source
accounts for the majority of the regional variabil-
ity for Pb and Cd. Another contamination source
likely accounts for the elevated metal concentrations
observed at Yauli.

(iii) Drinking water samples showed Pb and Cd con-
centrations significantly below the WHO guideline
values; however, As exceeded the 10 ppb guideline
value at two sites (La Oroya Antigua and Yauli).
Drinking water remediation should focus on As
removal at those sites.

(iv) Exposure calculations and dose-response modeling
suggest that soil remediation of Pb and drinking
water remediation of As at La Oroya Antigua, Yauli,
and Santa Rosa de Sacco will improve children’s
health in this region.

In the absence of point source emissions, contaminated
soil and indoor dust pose a significant health threat to the
children of La Oroya Antigua. Reduced atmospheric pollu-
tion from the metallurgical complex will not necessarily
return pediatric blood Pb levels below the 10 µg dL−1 WHO
level of concern. Thus, the disputed remediation efforts at La
Oroya should focus on soil Pb and drinking water As, reduc-
ing both the environmental and public health burden for the
children of central Peru.
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